Objectives/Hypothesis: Extent of vocal fold injury impacts the nature and timing of wound healing and voice outcomes. However, depth and extent of the lesion created to study wound healing in animal models vary across studies, likely contributing to different outcomes. Our goal was to create a surgery classification system to enable comparison of postoperative outcomes across animal vocal fold wound-healing studies.
INTRODUCTION
Phonomicrosurgery is performed to conserve or improve vocal function. However, an important risk associated with phonomicrosurgery is worsened voice quality resulting from postoperative scarring. In vivo animal models have been used widely to study vocal fold scarring to elucidate the mechanism of vocal fold repair and to prevent scarring or to develop restorative treatments. Studies on rats, 1,2 rabbits, 3, 4 dogs, 5, 6 pigs, 7-9 and mice 10, 11 have yielded important insights into the sequence and timing of wound-healing events in the vocal fold epithelium, lamina propria, and muscle. However, differences in surgical techniques used, as well in the type and extent of damage to the vocal fold cover and body created, likely impact the nature and timing of the observed wound-healing process. In the present study, we created a classification system to categorize vocal fold injury according to the extent and depth of injury. Furthermore, we sought to examine the effects of injury type on timing and completeness of healing. Finally, we sought to relate the proposed classification system to vocal fold surgeries performed in clinical settings. The scope of vocal fold surgeries in clinical practice can range from removal of epithelium for biopsy to resection of the cover and body. For some patients, vocal fold outcomes are suboptimal. It has been hypothesized that differences in outcomes may be attributable to the extent of injury as well as patient-specific characteristics. 12 Because of practical and ethical constraints in accessing human tissue, the histologic features of scarred human vocal fold rarely have been reported. 12 Therefore, animal models have proved indispensable for allowing systematic study of the nature and mechanisms of wound healing. Here, we elected to use a rat model to develop a classification system of injury. We acknowledge that larger animals, including rabbits, 13 pigs, [7] [8] [9] 14, 15 and dogs, 16 have several advantages over the rat. For example, like rats, large animals demonstrate morphological similarities to the human larynx and can be used to study the vibratory property of vocal folds postinjury. 17 Unlike rats, the large size of their larynx permits relatively facile study of rheological properties of the vocal folds following injury. This confers large animal models with an important advantage over rats because it permits insights into the likely effects of extent and depth of injury on phonation. Although we recognized the limitations of the rat model, we chose to study injury in rats because they offered the least sentient animal that met criteria for use in this line of research. First, the rat and human vocal fold share structural similarities 1 ; for example, rats and humans share a trilayered vocal fold. The morphology and fibrous protein composition of Reinke's space is comparable to that of humans. 18 Second, because the rat model has been used extensively to study wound healing in vocal fold mucosa; it is the model for which there is the most data available on structural, genetic, and molecular changes in the mucosa following injury. 19, 20 Third, the size of the rat larynx also allows ex vivo vibratory analyses. Finally, the rat model is cost-efficient relative to larger animal models.
Although surgical injury to the rat is commonly used to explore wound healing, the type of injury created differs across studies. 1, 2, 17, 19, [21] [22] [23] [24] [25] [26] [27] [28] In all the articles that were reviewed, investigators used endoscopy-guided procedures to create an injury. The type of instrumentation used and the description of the margins of injury varied across studies. In terms of instrumentation, investigators used microscissors, microforceps, and/or needles ranging in gauge from 22 to 27 to create injuries (Supporting Table 1 ). Occasionally, articles did not provide sufficient details regarding surgical methods in order to draw comparisons regarding methodologies used. Surgical methods chosen likely influenced healing outcomes, consequently rendering a comparison of findings across studies difficult. A classification system could facilitate standardization of injuries and comparison of outcomes across studies.
Clinically, classification for vocal fold surgery to remove cancerous lesions has been advocated to compare postoperative results or to minimize the removal extension and depth. The European Laryngological Society proposed a classification system for endoscopic cordectomies according to the degree of resection performed. 29, 30 That classification system proposed eight types of surgery, described according to the margins of surgery. Guided by that work, we hypothesized that a surgical classification for the rat vocal fold injury model could be created and would facilitate a comparison of findings across rat studies. We further hypothesized that the degree of injury would influence histopathological outcomes. We proposed three types of injury: 1) a subepithelial injury, which is a resection of the epithelium and superficial layer of the lamina propria; 2) transmucosal injury, which is a resection of the epithelium and all layers of the lamina propria without damaging the muscle; and 3) transmuscular injury, which is a resection of the vocal fold mucosa and superficial aspect of the vocalis muscle ( Fig. 1) . To assess and compare the postoperative results of different types of rat vocal fold injury, we compared the effect of injury type on the timing and extent of healing. Based on the phonosurgery classification system outlined by the European Laryngological Society 31 (Friedrich et al., 2007), we propose that a subepithelial injury would be performed clinically to remove papillomatosis, hyperplasia, or carcinoma in situ. A transmucosal injury is would be used to resect nodules, polyps, cysts, or sulci. Transmuscular injury would be consistent with clinical resection of carcinoma.
MATERIALS AND METHODS

Surgical Procedure
Forty-four 2-to 4-month-old male Sprague-Dawley rats were used in this study. The animal protocol was approved by the Institutional Animal Care and Use Committee of the University of Wisconsin-Madison. Rats were anesthetized by exposure to isoflurane (2%-3% delivered at 0.8-1.5 L/min.) and intraperitoneal injection of 90 mg/kg of ketamine hydrochloride and 9 mg/kg of xylazine hydrochloride. Intraperitoneal atropine sulfate was used to reduce salivation (0.05mg/kg) to facilitate visualization of the vocal folds. Animals were placed on a custom-made operating platform in a near vertical position with the mouse secured open (Supporting Fig. 1A) . 32 Vocal folds were visualized using a custom-fabricated 1-mm diameter steel wire laryngoscope and a 1.9-mm diameter 30-degree endoscope (Karl Storz Endovision, Inc., Charlton, MA) connected to an external light source and video monitor (Supporting Fig. 1B ). Injury was created with a 25-gauge needle (Supporting Fig. 1C ). Each surgical procedure was performed by a surgeon with 10 years of experience performing human laryngeal surgeries and 4 years of experience conducting rat laryngeal surgeries. Appropriate depth and extent of resection was confirmed histologically for each surgery type at day 1 postinjury.
Three types of injuries were performed: subepithelial, transmucosal, and transmuscular injuries. Healing over time was examined by harvesting three rats at each time point for each injury type. For subepithelial injury, the right vocal fold was incised at the medial surface along the membranous portion of the vocal fold, and the t epithelial layer and superficial layer of the lamina propria were removed (Fig. 1A) . For transmucosal injury, an incision was created on the right vocal fold surface along the membranous portion of the vocal fold, and the entire mucosal layer from the anterior commissure to the vocal process of the arytenoid was removed until the thyroarytenoid muscle was exposed (Fig. 1B) . For transmuscular injury, the right vocal fold was incised at medial surface, and the mucosal layer was removed along the length of the vocal fold from the anterior commissure to the vocal process of the arytenoid. The fascia of vocalis muscle was incised, and the superficial layer of muscle was removed along the muscle fibers (Fig. 1C) .
Rat larynges were harvested at days 1, 3, 5, and 14 postinjury for subepithelial injury and days 1, 3, 5, 14, and 35 for transmucosal and transmuscular injury. The rats were euthanized by an excess of carbon dioxide inhalation, and all larynges were excised for histological evaluation ( Fig. 2D ; online-only content). Two of the 44 rats (< 5%) died due to complications related to anesthesia.
Histological Analyses
Rat larynges were fixed in 10% neutral phosphatebuffered formalin overnight at room temperature and embedded in paraffin. Serial coronal sections of vocal folds were made 5 lm along the entire length of the vocal folds from the anterior commissure to the vocal process of the arytenoids. Sections were prepared for routine hematoxylin and eosin (H&E), Masson trichrome, and Verhoff-van Gieson (VVG) staining. H&E staining was used for morphological analyses. Trichrome staining was used to evaluate collagen content. Elastin content was visualized with VVG staining. Both stains were analyzed qualitatively for density of labeling relative to uninjured control tissue by two raters. The raters were blinded to the purpose of the study. They achieved 93% agreement. Disagreement was resolved by consensus. All sections were viewed using a Nikon E600 microscope (Nikon, Melville, NY) and were photographed using an Olympus DP71 microscope digital camera (Tokyo, Japan).
RESULTS
Subepithelial Injury
Epithelium was absent in the injured region at day 1 postinjury (Fig. 2A) . By day 3, complete re-epithelialization was observed, and inflammatory cells were present in the lamina propria (Fig. 2B) . No damage to the muscle was noted at any time point. Collagen deposition in the lamina propria, as evidenced by trichrome (blue) staining, was slightly elevated at day 1, peaked at day 3, and remained elevated through day 5 of injury ( Fig. 2F, 2G, 2H) . By day 14, collagen deposition levels returned to baseline levels (Fig. 2I, 2J) . VVG staining confirmed these findings (blue staining). Furthermore, VVG staining demonstrated an increase in elastin density (black staining) in the injured lamina propria at days 1, 3, and 5 postinjury (Fig. 2K, 2L,  2M) . By day 14, elastin levels of the injured vocal folds were indistinguishable from those of control vocal folds (Fig. 2N,   Fig. 1 . Classification system for rat injury. Sketch and hematoxylin and eosin staining of three proposed injury types. The red line indicates the depth and extent of injury, which ranges from (A) resection of the epithelium and superficial layer of the lamina propria; transmucosal injury (B), resection of the epithelium and all layers of the lamina propria; and (C) resection of the vocal fold mucosa and the superficial aspect of the vocalis muscle. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] 2O). As injury was considered complete by 14 days postinjury, we did not harvest animals at a later time point. Findings were consistent across all rats.
Transmucosal Injury
In all rats, the epithelial layer was absent and inflammatory cells were observed in the thin lamina propria at day 1. The muscle was not damaged (Fig. 3A) .
At day 3, the epithelium regenerated, but some inflammatory cells remained in the lamina propria at day 5 ( Fig. 3B) . At days 5 and 14 postinjury, the epithelium was thickened and the volume of the lamina propria was reduced (Fig. 3C, 3D ) relative to uninjured tissue. By day 35, the injured vocal fold more closely resembled the uninjured vocal fold (Fig. 3E, 3F ).
Collagen and elastin staining in the lamina propria were elevated during the first 2 weeks of wound healing. Although no increase in collagen deposition was observed at day 1 (Fig. 3G) , collagen density was increased relative to noninjured tissue at days 3, 5, and 14 postinjury (Fig. 3H,  3I, 3J) . At day 35, collagen levels returned to noninjured levels (Fig. 3K, 3L) . Similarly, elastin levels were elevated at days 3, 5, and 14 postinjury (Fig. 3N, 3O, 3P) . At day 35, elastin returned to preinjury levels (Fig. 3M, 3Q, 3R ).
Transmuscular Injury
At day 1, the epithelium and most of the lamina propria were absent in all rats. Damage to the thyroarytenoid muscle was evidenced by disorganization of muscle fiber in the superficial layer of the muscle (Fig. 4A) . At day 3, epithelial hyperproliferation was present. By day 14, epithelial thickness returned to control levels. Many inflammatory cells were observed in the lamina propria at days 3 and 5 (Fig. 4B) . By day 5, granulation tissue was observed in the lamina propria (Fig. 4C) . At days 14 and 35, a reduction in lamina propria volume was observed (Fig. 4D, 4E ). Collagen density was elevated at days 3, 5, 14, and 35 postinjury (Fig. 4H, 4, 4J, 4K) . Similarly, elastin density was elevated at day 3 and remained elevated through day 35 (Fig. 4N, 4O, 4P , and 4Q).
DISCUSSION
Variations in outcomes following vocal fold surgery in part can be attributed to differences in the extent of At day 1, most of the epithelial layer and lamina propria were absent, and the superficial layer of the thyroarytenoid muscle was damaged (A). Epithelial hyperplasia and infiltration of the lamina propria by inflammatory cells were observed at day 3 (B). Granulation tissue was present at day 5 (C). At days 14 and 35, a reduction in lamina propria volume and a thickening of the epithelial layer were observed (D, E). Collagen density was elevated at all time points postinjury (H-K) compared to uninjured vocal folds (L). Elastin deposition was also elevated above noninjured levels at all time points (N-Q) (200-mm scale bar; original magnification 203). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] resection. 6 In the present study, we proposed a surgical classification system for use in rat vocal fold woundhealing studies for which the types of surgery were defined according to the depth and anterior-to-posterior extent of resection. Injury ranged from a shallow resection of the epithelium and superficial layer of the lamina propria at the midmembranous region of the vocal fold to resection of the mucosa from the anterior commissure to the vocal process of the arytenoid. We demonstrated that the type of injury resulted in marked and consistent differences in surgical outcomes. Focal removal of the epithelium and superficial lamina propria resulted in rapid and complete healing within 5 days postsurgery. In contrast, healing following deeper injury was associated with a greater inflammatory response and prolonged healing; resection to the level of the vocalis muscle remained incomplete at 5 weeks postinjury. These differences highlight the need for consistency in injuries if surgical outcomes are to be compared across studies.
Investigators have sought to achieve consistency in injury depth across animals and studies by verifying exposure of the thyroartenoid immediately postinjury. This depth of injury corresponds best with the transmucosal injury in our proposed classification system. Although the method may ensure adequate depth of injury, we showed that subtle difference in resection margins performed using an endoscopy-guided needle procedures can be performed consistently in an animal model as small as a rat; importantly, it can yield different healing outcomes. The applicability of our classification system to other direct surgical techniques, including laser surgery, awaits investigation.
The sequence of wound healing in the vocal fold has been well explored. The vocal fold is a trilayered structure formed by the epithelium, lamina propria, and thyroarytentoid muscle. The lamina propria is composed of cells (e.g., fibroblasts and macrophages) and an extracellular matrix composed of collagen, procollagen, and elastin-among other constituents. Normal voice production requires a pliable lamina propria, which in turn depends on the cellular and extracellular composition and organization of the lamina propria. 13 Although we did not assess the viscoelastic properties of the scarred vocal folds, we did observe changes in cell density and extracellular matrix composition consistent with altered vocal fold viscoelastic properties. Following injury, cellular infiltration, and a dense and disorganized deposition of extracellular components in the lamina propria is common, suggesting that our findings were consistent with injury-related changes reported elsewhere. 1, 17, 19, 22, 26 For example, we observed thickening of the epithelium and infiltration of inflammatory cells into the lamina propria postinjury. 26 We also observed an increase in collagen deposition postsurgery beginning at day 3 postinjury in type II and III injuries. Increased collagen I and III deposition have been observed during the acute 11 and chronic phases of wound healing in rat models, 1,17 with a peak in collagen gene expression levels 3 days postinjury. 21 These changes in the collagen density have been associated with increased stiffness, 13 increased phonation threshold, and reduced glottal efficiency. 17 An increase in elastin staining was observed at each time point following all types of injury. This finding was unexpected; others have reported that elastin expression did not increase within 3 days postinjury in a rat model. 21, 33 Furthermore, elastin has been shown to decrease during the chronic phase of wound healing in a rabbit 13 and dog 34 model. Elastin is not produced after puberty in humans. 35 We speculate that this apparent increase in elastin was likely attributable to disorganization and fragmentation of existing elastin 3 and a shortening of elastin fibers 13 observed previously in vocal folds postinjury. We further speculate that, as observed elsewhere, 9 variability in elastin deposition occurs regardless of the depth of vocal fold resection in humans, suggesting that individual differences in healing may contribute to outcomes.
There are several limitations to this study. One limitation is that we did not examine the rheological or vibratory properties of the tissue postinjury ex vivo. However, we examined collagen and elastin levels in the vocal fold lamina propria. As noted above, these extracellular proteins play important roles in dictating vocal fold pliability, and consequently in ease of phonation and vocal quality. 13 A second limitation is that we did not include analysis of healing following an extensive, clinically relevant vocal fold resection of the mucosa and muscle. This type of surgery, a total muscular surgery, is performed clinically in cases of a malignant lesion such as T1a invasive carcinoma (Supporting Fig. 2 ). Although this type of surgery could likely be performed in larger animals, we did not attempt to perform it in live rats due to the risk of extensive bleeding-and consequent asphyxiation due to the small size of the rat airway. Another limitation is that we used a rat model. Like mice, rats have an accelerated life cycle relative to humans. Consequently, one may expect that the sequence of healing in a small animal model will be applicable to the human model, but the timing will not. 1, 11 We considered using a mouse model, however; whereas mice have the advantage of offering many knockout strains to study gene-related mechanisms of wound healing, 11 the small size of their larynx would render it challenging to create consistent and specific injury to the vocal folds. Further, the lamina propria of the rat offers greater morphologic similarity to the human larynx than mice. 10 A final limitation was that translation of findings to clinical cases is problematic, regardless of the animal model used, due to species-tospecies variations in laryngeal anatomy and physiology. In the absence of data on human patients, it is unclear how much the observed histopathological changes in rats reflect wound healing in clinical settings. However, it has been suggested that similarities in findings across species may indicate a conserved responses to vocal fold injury across species. 36 Further, animal studies are essential to elucidate the differences of the damage related to the surgical extension and depth. One important reason for this is that a systemic study of injury cannot be conducted clinically. For example, the extent and depth of a procedure performed in a clinical setting is dependent on the lesion and pathophysiology as well as the demands of the patient. Whereas it is difficult to extrapolate findings to human patients, an understanding of the time line for repair and the important differences in histopathological outcomes across resections types may provide insight into the importance of subtle differences in injury depth on wound healing.
CONCLUSION
We proposed a system for classifying rat surgery according to the depth and extent of injury. The depth of surgical incision ranged from removal of the epithelial layer in a subepithelial injury to resection of the vocal fold mucosa and superficial layer of the vocalis muscle in a transmuscular injury. The extent of injury ranged along the anterior to posterior plane from a focal injury at the midmembranous portion of the vocal fold in a subepithelial injury to lesion along the full length of the membranous vocal fold in the other injuries. The timing and completeness of wound healing, as evaluated by vocal fold morphology and collagen and elastin levels in the lamina propria, varied markedly and consistently by injury type. Most notably, deeper injury was associated with greater presence of inflammation and with longer healing time. Use of our classification system may facilitate uniformity in injury and ease comparison of surgical outcomes across animal studies.
